ABSTRACT: Heat stress-induced reduction in feed intake is an annoyance of the poultry industry. Feed intake is regulated by complex mechanisms in which brain-gut neuropeptides are involved, but the changes in such neuropeptides in broiler chickens during heat exposure remain unclear. In this study, we investigated the effects of acute heat stress (35°C, 6 h, and 65% relative humidity) on the gene expression of appetite-regulating peptides in the hypothalamus and gastrointestinal tract of broiler chickens at 42 d of age. The hypothalamic mRNA levels of neuropeptide Y, agouti-related peptide, pro-opiomelanocortin, cocaine-and amphetamine-regulated transcript, corticotropin-releasing hormone, melanocortin 4 receptor, melanin-concentrating hormone, prepro-orexin, cholecystokinin (CCK), and ghrelin did not significantly change (P > 0.05) in the heat-exposed broiler chickens. However, the mRNA levels of ghrelin in the glandular stomach, duodenum, and jejunum significantly increased and the mRNA level of CCK in the duodenum significantly decreased. The results indicate that acute heat stress had no effect on the gene expression of central appetite-regulating peptides under current experimental conditions; however, some gastrointestinal tract peptides (e.g., ghrelin and CCK) might play a role in the regulation of appetite in acute heat-exposed broiler chickens. Furthermore, ghrelin in the glandular stomach, duodenum, and jejunum might be the main regulative target of acute heat stress induced anorexia.
INTRODUCTION
Heat stress results in reductions in feed intake, growth rate, feed efficiency, and carcass quality in broiler chickens (Temim et al., 2000) , which lead to severely detrimental effects on poultry production. The adverse effects of heat stress on the growth rate of broiler chickens are partly caused by the direct effects of heat-induced decrease in feed intake as well as the associated metabolic and endocrine responses (Lin et al., 2004) . The control and regulation of voluntary food intake in avian species are very complex, involving the brain-gut axis as well as hormonal and nonhormonal factors acting through integration by the hypothalamus. The net result of feed (energy) intake and energy expenditure establishes the energy balance in animals.
Maintaining energy homeostasis is crucial for broiler survival (Kuenzel et al., 1999) . The intrinsic crosstalk between the hypothalamus and the gastrointestinal tract of broiler chickens ensures that energy balance is maintained by neuropeptides. Two primary populations of neurons integrating peripheral signals of nutritional status and influencing appetite through the release of signaling molecules exist in the hypothalamus of avian species: orexigenic neuropeptides [e.g., neuropeptide Y (NPY) and agouti-related peptide (AgRP)] (Takeuchi et al., 2000; Ando et al., 2001) and anorexigenic neuropeptides [e.g., pro-opiomelanocortin (POMC), cocaine-and amphetamine-regulated transcript (CART), corticotropin-releasing hormone (CRH), cholecystokinin (CCK), and ghrelin] (Richards, 2003; Furuse et al., 1997) . Ghrelin and CCK are widely distributed in the gastrointestinal tract and are essential to feed intake regulation in broilers and layers (Richards, 2003; Kaiya et al., 2009) .
We previously found that long-term heat exposure altered the gene expression of brain-gut neuropeptides in laying hens (Song et al., 2012) . In broiler production, especially in summer or winter, to maintain the constant indoor temperature is very difficult and remains a big challenge to modern intensive raising system. Fluctuations in temperature, which warrant further research, generally trigger sudden (acute) heat stress.
Information on the neuroendocrine mechanism underlying the effects of acute heat stress on feed intake regulatory peptides in broiler chickens remains scarce. Six-week-old broiler chickens were used in the present experiment, which are vulnerable to exotic challenges including heat stress. The objective of this study was to investigate the effects of acute heat exposure on the gene expression of feed intake regulatory neuropeptides in the hypothalamus and gastrointestinal tract of broiler chickens.
MATERIALS AND METHODS
The study was approved by the Shandong Agricultural University (Taian, Shandong, China) and performed in accordance with the "Guidelines for Experimental Animals" of the Ministry of Science and Technology (Beijing, China).
Animals, Experimental Protocol, and Sample Collection
One-day-old male Arbor Acres broiler chickens (Gallus gallus domesticus) were obtained from a local hatchery (35-wk-old broiler breeder) and reared in an environmentally controlled room. The brooding temperature was maintained at 35°C (65% relative humidity) for the first 2 d, decreased gradually to 21°C (45% relative humidity) until day 28, and thereafter maintained at such temperature until the beginning of the experiment (day 42). A 23-h light/1-h dark photoperiod was observed. All chickens received a starter diet composed of 21.5% crude protein and 12.37 MJ/kg metabolizable energy until day 21, after which they received a grower diet containing 19.5% crude protein and 12.90 MJ/kg metabolizable energy . All birds had free access to feed and water during the rearing period. At 42 d of age, 32 broiler chickens with similar body weights (2.27 ± 0.20 kg) were selected and evenly distributed in 8 pens with 4 birds. Four pens were exposed to high ambient temperature (35 ± 1.5°C for 6 h) and the other 4 pens were exposed to normal temperature (20 ± 2°C for 6 h). Feed intake was calculated (n = 4 pens per treatment).
Two chickens were selected from each pen (n = 8 per treatment) at the end of the experiment. Blood samples were drawn from their wing vein using a heparinized syringe within 30 s and placed in iced tubes. Plasma was obtained after centrifugation at 400 × g for 10 min at 4°C and stored at -20°C for further analysis of glucose, triiodothyronine (T 3 ), triglyceride (TG), and uric acid (UA) levels. Immediately after the blood samples were obtained, the birds were sacrificed according to Close et al. (1997) and tissue samples of the hypothalamus, glandular stomach, duodenum, jejunum, and ileum were collected. After snap freezing in liquid nitrogen, the tissue samples were stored at -80°C for RNA extraction. The hypothalamus was dissected from the ventral surface of the brain. The hypothalamus was dissected from the ventral surface of the brain. Two transverse cuts were made at the apex of the optic chiasm and the rostral margin of the mammillary bodies. Next, 2-mm bilateral cuts were made on either side of the midline and the whole hypothalamus was removed according to the chicken brain atlas (Puelles et al., 2007) and Yuan et al. (2009) . The cut was 4 to 5 mm deep parallel to the base of the brain (Higgins et al., 2010) . Samples of the whole intestinal tract were removed after contents of the gut flushed and removed with saline, and about 0.5 cm segments were taken from the midpoint of the glandular stomach, the midpoint of the duodenum (duodenum), the midpoint between the bile duct entry and Meckel's diverticulum (jejunum), and the midpoint between Meckel's diverticulum and the ileocecal junction (ileum; Awad et al., 2006) .
Plasma Metabolites and Hormone Levels
Plasma concentrations of glucose (F006; intraassay coefficient of variation = 2.3%), UA (C012; intra-assay coefficient of variation = 3%), TG (F001-1; intra-assay coefficient of variation = 2.9%), and T 3 (GS-E60005; intra-assay coefficient of variation = 2.9%) were measured spectrophotometrically using commercial diagnostic kits (Jiancheng Bioengineering Institute, Nanjing, China).
Ribonucleic Acid Isolation and Analysis
Expression of genes in the hypothalamus was quantified using quantitative real-time PCR with SYBR Green I labeling. Total RNA was isolated by the guanidinium isothiocyanate method with Trizol reagent (Invitrogen, San Diego, CA). The quality of RNA after deoxyribonuclease treatment was tested by electrophoresis on agarose gel, and the quantity of RNA was determined using a biophotometer (Eppendorf, Germany).
Reverse transcription reactions (10 μL) consisted of 500 ng of total RNA, 5 mmol/L MgCl 2 , 1 μL of RT buffer, 1 mmol/L deoxyribonucleoside triphosphate, 2.5 U of avian myeloblastosis virus, 0.7 nmol/L oligo d(T), and 10 U of ribonuclease inhibitors (TaKaRa Biotechnology, Co., Ltd., Dalian, China). Real-time PCR analysis was conducted using Applied Biosystems 7500 Real-time PCR System (Applied Biosystems, Foster, CA). Each RT reaction served as a template in a 20-μL PCR containing 0.2 μmol/L concentration of each primer and SYBR Green Master Mix (Takara Biotechnology, Co., Ltd.). The primer set sequences are listed in Table 1 . Real-time PCRs were performed at 95°C for 10 s followed by 40 cycles at 95°C for 5 s and 60°C for 40 s. Synergy brands green fluorescence was detected at the end of each cycle to monitor the amount of PCR products. A standard curve was plotted to determine the fold dilutions when calculating the efficiency of real-time quantitative PCR primers.
The relative amount of mRNA of a gene was calculated according to the method described by Livak and Schmittgen (2001) . The mRNA levels of the genes were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels (ΔCT). The ΔCT was calibrated against an average of the control chickens. The linear amount of target molecules relative to the calibrator was calculated by 2 -ΔΔCT . Therefore, all gene transcription results were reported as the n-fold difference relative to the calibrator. The specificity of the amplification products was verified.
Statistical Analysis
The experiment was conducted using a completely randomized design with 2 treatments, 4 replicates per treatment, and 4 chickens per replicate. Data were expressed as mean ± SEM. Homogeneity of variances among the treatments was confirmed using Bartlett's test. All data were subjected to one-way ANOVA to test the main effect of the treatment. For feed intake analysis, n = 4 per treatment, for plasma parameter analysis, n = 8 per treatment, and for peptide mRNA analysis, n = 8 per treatment. Duncan's multiplerange analysis was used to compare differences between significant means. Differences were considered significant if P < 0.05.
RESULTS

Performance, Plasma Metabolites, and Hormone Levels
Acute heat exposure significantly increased plasma glucose (P < 0.05) but had no significant effect on plasma T 3 , UA, and TG (P > 0.05; Fig. 1A and 1B) . It significantly decreased feed intake (P < 0.05; Fig. 1C ).
Expression of Feed Intake Regulatory Peptides in the Hypothalamus
Acute heat stress showed no significant effect on the gene expressions of NPY, AgRP, POMC, CART, ghrelin, CCK, CRH, melanocortin 4 receptor (MC4R), melanin-concentrating hormone (MCH), and orexin in the hypothalamus of broiler chickens (P > 0.05; Fig. 2 ).
Expression of Feed Intake Regulatory Peptides in the Gastrointestinal Tract
Acute high ambient temperature significantly increased the mRNA levels of ghrelin in the glandular stomach (1.7-fold of control), duodenum (2-fold of control), and jejunum (1.9-fold of control; P < 0.05; Fig. 3A , 1 AgRP = agouti-related peptide; CART = cocaine-and amphetamineregulated transcript; CCK = cholecystokinin; CRH = corticotropin-releasing hormone; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; MCH = melanin-concentrating hormone; MCR4 = melanocortin 4 receptor; NPY = neuropeptide Y; POMC = pro-opiomelanocortin. 3B, and 3C) but significantly decreased the mRNA level of CCK in the duodenum (0.7-fold of control; P < 0.05; Fig. 3B ). Ghrelin in the ileum as well as CCK in the jejunum (Fig. 3C) and ileum (Fig. 3D) was not significantly affected by the stress (P > 0.05).
DISCUSSION
Effects of Acute Heat Stress on Feed Intake and Plasma Parameters of Broiler Chickens
Research has demonstrated that heat stress suppresses the feeding behavior of broiler chickens (May et al., 1986) . Reduced feed intake in broiler chickens has been accepted as a classic marker of heat stress. In the present study, exposing broiler chickens to 35°C reduced their feed intake. Research has also suggested that feed intake suppression triggers an instant physiological response, namely flight or fight, during an acute stress period (Hicks et al., 1998) . However, chronic stress typically results in a craving for and consumption of energy-dense foods and not suppressed feeding behavior (Oliver et al., 2000) .
Short-term exposure of broiler chickens to extreme temperatures triggers a rapid and extensive response. The increased plasma glucose in the current study was not consistent with our previous studies (Lin et al., 2004; Song et al., 2012) showing that heat treatment did not significantly change its concentrations. The duration and severity of heat stress programs should be considered to account for the apparent discrepancies between these studies.
At high ambient temperature conditions, birds need to reduce their internal heat production to maintain their body temperature by decreasing their basal metabolic rate. Thyroid hormones play a key role in the regulation of metabolic rate in birds (Renden et al., 1994) . In this study, no significant change was observed in the level of plasma T 3 (the active form of the thyroid hormones; Fig. 1B) . One study reported that chronic heat stress markedly depressed the activity of the thyrotrophic axis in layers as reflected by reduced plasma T 3 concentration (Decuypere and Kuhn, 1988) . However, other studies have reported that acute exposure of growing chickens to elevated temperature (35-41°C) did not consistently appear to affect serum T 3 and tetraiodothyronine (T 4 ) concentrations (May et al., 1986; Bowen and Washburn, 1985) .
Effects of Acute Heat Stress on Gene Expression of Neuropeptides in the Hypothalamus of Broiler Chickens
Stress can induce a series of physiological responses related to the mobilization of energy stores and redistribution toward inhibitory functions, such as growth, in favor of the maintenance of homeostasis and survival (Lin et al., 2006) . Research has demonstrated that the Figure 2 . Effects of heat stress treatment on the mRNA levels of neuropeptide Y (NPY) and agouti-related peptide (AgRP) (A), melanin-concentrating hormone (MCH) and prepro-orexin (B), pro-opiomelanocortin (POMC) and cocaine-and amphetamine-regulated transcript (CART) (C), and ghrelin and cholecystokinin (CCK) (D) as well as corticotropin-releasing hormone (CRH) and melanocortin 4 receptor (MCR4) (E) in the hypothalamus of broiler chickens. alues indicate mean ± SEM (n = 8 per treatment). Different superscripts indicate significant differences (P < 0.05) in the means as determined by ANOVA. balance between feed intake and energy expenditure in birds is regulated by the central nervous system. The hypothalamus is a portion of the central nervous system that was first determined to be involved in the control of feed intake and energy homeostasis more than 50 yr ago. Recent research has shown that specific neuronal circuits within different regions of the hypothalamus are involved in the control of feed intake and energy homeostasis in poultry through the release of neuropeptides, such as NPY, AgRP, POMC, CART, CRH, ghrelin, CCK, and MCH (Richards and Proszkowiec-Weglarz, 2007) .
This study investigated for the first time the effects of exposing broiler chickens to acute heat stress on the gene expression of hypothalamic neuropeptides. The results showed that acute heat stress could not alter the gene expression of feed intake regulatory peptides andMC4R in the hypothalamus (Fig. 2) . In our previous study on laying hens, long-term heat exposure (7 d) increased the mRNA levels of the hypothalamic ghrelin and CART and decreased that of CCK (Song et al., 2012) . The decreased feed intake and the unchanged gene expression of appetite regulation neuropeptides seemed confusing in the current research. However, this did not mean there was no significant change on protein levels of the neuropeptides, which were the active form of the corresponding molecular. Restraint stress induced food suppression in rats was accompanied with an elevation of NPY levels in the paraventricular nucleus but no difference in hypothalamic NPY mRNA expression (Rybkin et al., 1997) . For technical limitation, the central concentration of these peptides was not determined in the present research. In other words, the current results indicated that the central appetite regulation of acute heat stress might be on the posttranscriptional levels rather than the transcriptional levels, which needs further investigation. Another possibility was that under acute heat exposure the chickens spent more time on fighting against the heat increment than feeding, which led to the reduced feed intake with unchanged gene expression of the appetite regulation neuropeptides in the hypothalamus. Again, this hypothesis needs more behavior data to be verified.
Effects of Acute Heat Stress on Gene Expression of Neuropeptides in the Gastrointestinal Tract of Broiler Chickens
Research has demonstrated that signals mediated by CCK and ghrelin secretion in the gastrointestinal tract transmit to the hypothalamus, leading to reduced feed intake in poultry (Richards, 2003) . Furthermore, administration of exogenous CCK both peripherally (Savory and Gentle, 1980) and centrally (Denbow and Myers, 1982) has been reported to reduce the feed intake of chickens. In the present study, the decreased mRNA level of CCK by heat in the duodenum was in accordance with previous studies in mice and laying hens (Song et al., 2012; Cao et al., 2005) . Secretion of CCK by the duodenal mucosa is stimulated by fat-or protein-rich chyme; hence, downregulation of intestinal CCK gene expression in acute heat-exposed broiler chickens might be due to retarded stimulation of the chymus caused by the reduction in feed intake. Therefore, peripheral CCK might be responsible for the anorexia of broiler chickens induced by acute heat stress.
Our results showed that the mRNA levels of ghrelin increased rapidly in the glandular stomach, duodenum, and jejunum of broiler chickens after acute heat stress (Fig. 3) . Many studies have revealed that the newly purified peptide ghrelin (Kojima et al., 1999) stimulates feeding in rats (Wren et al., 2000) . However, reported that ghrelin strongly inhibited the feed intake of chickens. Saito et al. (2005) found that the effect of ghrelin on the feed intake of neonatal chicks is inhibitory when injected intracerebroventricularly. In addition, peripheral injection of ghrelin in birds has an anorexigenic impact on feed intake (Kaiya et al., 2009 ). Research has suggested that ghrelin is involved in the regulation of short-term feeding behavior (Kaiya et al., 2011) . The proventriculus (glandular stomach) has been reported to be the major site of ghrelin biosynthesis and secretion in chickens (Richards et al., 2006) . Furthermore, numerous studies have shown that the gastrointestinal tract is influenced by stress (Mayer, 2000) . The present results of increased ghrelin expression were well consistent with our previous findings in laying hens (Song et al., 2012) . The anorexigenic effects of acute high ambient temperature (short term and long term) in chickens are seemingly mediated by the activation of peripheral ghrelin secretion.
In summary, this study explored the possible effects of short-term heat stress exposure on feed intake regulatory peptides in the hypothalamus and gastrointestinal tract of broiler chickens. The results indicate that some gastrointestinal tract peptides (e.g., ghrelin and CCK) might play a role in the regulation of appetite in acute heat-exposed broiler chickens and that, notably, ghrelin in the glandular stomach, duodenum, and jejunum might be the main regulative target of acute heat stress induced anorexia.
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